
J Physiol 573.2 (2006) pp 511–523 511

The effect of sustained low-intensity contractions on
supraspinal fatigue in human elbow flexor muscles
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Subjects quickly fatigue when they perform maximal voluntary contractions (MVCs). Much of

the loss of force is from processes within muscle (peripheral fatigue) but some occurs because

voluntary activation of the muscle declines (central fatigue). The role of central fatigue during

submaximal contractions is not clear. This study investigated whether central fatigue developed

during prolonged low-force voluntary contractions. Subjects (n = 9) held isometric elbow

flexions of 15% MVC for 43 min. Voluntary activation was measured during brief MVCs every

3 min. During each MVC, transcranial magnetic stimulation (TMS) was followed by stimulation

of either brachial plexus or the motor nerve of biceps brachii. After nerve stimulation, a resting

twitch was also evoked before subjects resumed the 15% MVC. Perceived effort, elbow flexion

torque and surface EMG from biceps, brachioradialis and triceps were recorded. TMS was also

given during the sustained 15% MVC. During the sustained contraction, perceived effort rose

from ∼2 to ∼8 (out of 10) while ongoing biceps EMG increased from 6.9 ± 2.1% to 20.0 ± 7.8%

of initial maximum. Torque in the brief MVCs and the resting twitch fell to 58.6 ± 14.5 and

58.2 ± 13.2% of control values, respectively. EMG in the MVCs also fell to 62.2 ± 15.3% of initial

maximum, and twitches evoked by nerve stimulation and TMS grew progressively. Voluntary

activation calculated from these twitches fell from ∼98% to 71.9 ± 38.9 and 76.9 ± 18.3%,

respectively. The silent period following TMS lengthened both in the brief MVCs (by ∼40 ms)

and in the sustained target contraction (by ∼18 ms). After the end of the sustained contraction,

the silent period recovered immediately, voluntary activation and voluntary EMG recovered

over several minutes while MVC torque only returned to ∼85% baseline. The resting twitch

showed no recovery. Thus, as well as fatigue in the muscle, the prolonged low-force contraction

produced progressive central fatigue, and some of this impairment of the subjects’ ability to drive

the muscle maximally was due to suboptimal output from the motor cortex. Although caused

by a low-force contraction, both the peripheral and central fatigue impaired the production

of maximal voluntary force. While central fatigue can only be demonstrated during MVCs, it

may have contributed to the disproportionate increase in perceived effort reported during the

prolonged low-force contraction.
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Human muscle fatigue can be defined as a loss of
force-generating capacity in voluntary contractions.
Defined in this way fatigue is not an abrupt event like
exhaustion or task failure. It develops gradually from
the start of the contraction. A quantitative measure of
the fatigue can be obtained by interrupting the fatiguing
exercise with brief maximal voluntary contractions (e.g.
Bigland-Ritchie et al. 1986a; Lloyd et al. 1991; Zijdewind
et al. 1998). This shows that the maximal force-generating
capacity declines gradually during submaximal exercise,
even though the target force can still be maintained.

Studies of contractions of the elbow flexors have shown
that additional force can be evoked by stimulation of
the motor nerve or the motor cortex during a maximal
voluntary contraction (MVC, e.g. Gandevia et al. 1996).
This indicates that despite maximal voluntary effort, not all
motor units are driven at optimal firing rates (e.g. Merton,
1954; Belanger & McComas, 1981; Herbert & Gandevia,
1999). Furthermore, an increment in force evoked by
stimulation of the motor cortex indicates that extra output
from the motor cortex is available but is not being recruited
by voluntary effort (Gandevia et al. 1996; Todd et al. 2003).
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During a sustained MVC, the increments in force evoked
by both motor nerve and motor cortical stimuli increase
(Gandevia et al. 1996). Thus, the ability to drive the muscle
maximally decreases during the contraction. Therefore,
while a large component of fatigue is due to peripheral
intramuscular factors, central factors at spinal and
supraspinal levels also play a role in the decline of maximal
voluntary force (for review see Gandevia, 2001).

During a sustained submaximal isometric contraction,
peripheral fatigue develops gradually (e.g. Bigland-Ritchie
et al. 1986a; Zijdewind et al. 1998). At the same time,
voluntary drive to the motoneurones is increased to
recruit additional motor units or to increase the firing
rate of active motor units in order to maintain the target
force (Bigland-Ritchie et al. 1986a; Dorfman et al. 1990).
Eventually the subject needs to make a maximal effort
and can no longer maintain the task. At the moment
of exhaustion, voluntary drive to the muscle is impaired
(Löscher et al. 1996; Sacco et al. 1997). There may also
be a progressive central contribution to fatigue before the
moment of task failure (Zijdewind et al. 1998). One aim of
this study was to determine if a fatiguing submaximal effort
impairs voluntary drive measured during interposed brief
MVCs and then to determine whether suboptimal output
from the motor cortex contributes to the impairment.

EMG responses to transcranial magnetic stimulation
of the motor cortex are altered during muscle
fatigue produced by either maximal or submaximal
voluntary contractions. During sustained or intermittent
isometric MVCs, the short-latency excitatory response
(motor evoked potential, MEP) increases in size and
the subsequent period of EMG silence (silent period)
lengthens (McKay et al. 1996; Taylor et al. 1996, 2000). As
motoneurones become less excitable during a sustained
MVC, the growth of the MEP implies that extra output
is evoked from the motor cortex (Butler et al. 2003).
In contrast, the increase in silent period duration
indicates increased inhibition in the motor cortex (Taylor
et al. 1996). MEP size also increases during sustained
submaximal efforts, and lengthening of the silent period
has been demonstrated in longer lasting submaximal
(20% MVC) contractions which were held to the limit of
endurance (Ljubisavljevic et al. 1996; Taylor et al. 1996;
Sacco et al. 1997). While the lengthening of the silent
period suggests that inhibitory changes within the cortex
also occur with submaximal exercise, the increase in the
MEP is not directly comparable to that occurring during
maximal efforts but reflects the increasing motor cortical
and motoneuronal excitability associated with voluntary
motor unit recruitment.

Recovery from fatigue caused by weak contractions also
differs from that caused by maximal contractions. After
a sustained 2-min maximal effort, maximal voluntary
force recovers over 10–15 min whereas after sustained
submaximal contractions, which cause a similar force

loss, recovery of maximal voluntary force and particularly
twitch force are prolonged (Baker et al. 1993; Søgaard
et al. 2003). After fatiguing maximal efforts, changes
in the responses to stimulation of the motor cortex
during contraction recover to control levels in ∼15 s and
voluntary activation recovers in 1–2 min (Gandevia et al.
1996; Taylor et al. 1996; Todd et al. 2005). The recovery of
these central changes after submaximal efforts is not well
understood.

The purpose of this study was twofold: to study
the relation between the development of peripheral
and central fatigue during a prolonged submaximal
contraction and to study the recovery of exercise-induced
changes at both the peripheral and central levels. We
hypothesized that part of the decrease in maximal
voluntary force during a prolonged weak fatiguing
contraction is due to central mechanisms including failure
of supraspinal drive to the motoneurones, and that
recovery of the central component of fatigue is faster than
the peripheral component.

Methods

To examine fatigue caused by prolonged low-intensity
exercise, subjects held a weak isometric contraction (15%
MVC) of the elbow flexors for 43 min. At intervals
during the prolonged contraction, subjects performed
brief maximal efforts, and maximal voluntary force
and voluntary activation, as well as EMG responses to
transcranial magnetic stimulation, were measured.
Recovery from fatigue was followed for 25 min after the
prolonged contraction.

Subjects

Experiments were performed on the right elbow flexor
muscles of nine healthy subjects (five males, four females;
aged 23–57 years). Subjects gave their informed written
consent. All experiments were conducted at the Prince of
Wales Medical Research Institute, Sydney, Australia. All
procedures were approved by the local ethics committee
and were performed according to the Declaration of
Helsinki.

Experimental setup

Subjects sat with the right elbow flexed at 90 deg and
the forearm supinated. The forearm was fixed at the wrist
to a vertical isometric myograph (force transducer linear
to 2 kN; X-tran, Melbourne, Australia) which measured
elbow flexion torque. During the prolonged contraction
each subject received torque feedback on an oscilloscope
showing a 15% MVC target as well as two lines marking
a deviation of 5% from the target torque. The subject was
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encouraged to keep the torque between the lines. Surface
electromyograms (EMG) were recorded with electrodes
(Ag–AgCl, 10 mm diameter) overlying the muscle bellies
of biceps brachii, brachioradialis and the lateral head of the
triceps brachii. EMG signals were amplified and filtered
(16–1000 Hz). Torque and EMG signals were sampled
(2000 Hz) for later analysis using a data acquisition
system (CED 1401 interface, Spike 2 software, Cambridge
Electronic Design, Cambridge, UK).

Rating of perceived effort

During the prolonged contraction subjects were asked after
1 min of contraction and thereafter every third minute
to score the effort required to produce the target torque
on a modified Borg scale from 0 (‘infinitely small’) to 10
(‘extremely large’) (Borg, 1990).

Motor nerve stimulation

Electrical stimuli were delivered to intramuscular nerve
fibres of the biceps brachii and brachialis via a cathode
located over the motor point of the muscle (midway
between the anterior edge of deltoid and the proximal
elbow crease with the elbow flexed to 90 deg) and an anode
positioned over the bicipital tendon. For each subject the
intensity of stimulation was set by gradually increasing
the intensity until no further increase in twitch torque
was evoked in the relaxed muscle by a single stimulus
(100 μs duration, constant current; DS7A, Digitimer,
Welwyn Garden City, UK). During the experiment, pairs
of electrical stimuli with an interstimulus interval of 10 ms
were delivered with an intensity set at 20% above that
required for a single stimulus to produce a resting muscle
twitch of maximal amplitude (120–400 mA).

Brachial plexus stimulation

Single electrical stimuli (100 μs duration) were delivered
to the brachial plexus via a cathode in the supraclavicular
fossa and an anode on the acromion (constant current,
DS7). The stimulus intensity (55–240 mA) was set at
least 30% above the level required to produce a resting
maximal compound muscle action potential (Mmax) in the
biceps, brachioradialis and triceps muscles. The average
amplitude of the resting Mmax was 20.4 ± 8.8 mV for
biceps, 9.9 ± 3.6 mV for brachioradialis and 8.2 ± 3.6 mV
for triceps.

Motor cortical stimulation

Transcranial magnetic stimulation (Magstim 200,
Magstim Co., Dyfed, UK) was used to stimulate the
motor cortex. A circular coil (13.5 cm outside diameter)

positioned over the vertex elicited motor evoked potentials
(MEPs) in the biceps, brachioradialis and triceps muscles.
The direction of current flow in the coil was selected to
activate preferentially the left motor cortex. Stimulator
output (55–85% of maximum) was set during brief
MVCs to obtain a large MEP in the biceps (> 50–60%
of Mmax) and a small MEP in the triceps (< 20% Mmax).
The stimulus intensity remained constant throughout the
protocol.

Protocol

The protocol consisted of baseline measurements in fresh
muscle, a prolonged fatiguing contraction (43 min) and
a recovery phase (23 min). Initially, six sets of control
contractions were performed with at least 2 min rest
between sets. Each set comprised a brief MVC (2–3 s), a
paired motor nerve stimulus 3–4 s later with the muscle
at rest, and a brief 50% MVC after another 4 s. During
each brief contraction, two stimuli were delivered 1 s apart.
In three sets of contractions, stimulation of the motor
cortex was followed by stimulation of the brachial plexus.
In the other contractions, motor cortical stimulation was
followed by paired motor nerve stimulation. For each
MVC, the mean torque over a 200 ms period prior to the
cortical stimulus was calculated. The largest MVC was then
used for calculation of the target torque of 15% MVC. Five
brief 15% MVCs (∼5 s) were then performed. During each
submaximal control contraction, a motor cortical stimulus
was delivered followed by a brachial plexus stimulus.

The prolonged fatiguing contraction consisted of
43 min of isometric elbow flexion at 15% MVC. After
1 min of contraction and then at 3-min intervals, subjects
performed brief MVCs during which a cortical stimulus
was given followed by either a brachial plexus (one of
three MVCs) or motor point stimulus (two of three
MVCs; Fig. 1A). After brachial plexus stimulation, subjects
immediately returned to the target torque of 15% MVC
whereas after motor point stimulation subjects relaxed
completely for a few seconds while a second motor point
stimulus was given (after 3 s). Subjects then continued the
contraction at the target level. During this contraction,
cortical stimuli followed by brachial plexus stimuli were
delivered at 30-s intervals. At 30 s prior to each MVC, no
stimuli were given but subjects rated their perceived effort.
Subjects were verbally encouraged to keep the torque
steady on the target and to regain the target torque as fast
as possible after cortical stimuli. During the brief MVCs,
subjects were urged to produce a maximal effort and to
pull up hard and fast after the stimulation. As the wrist
strap caused discomfort during the prolonged contraction
it was loosened for 2 min at 13 and 28 min between MVCs.
During these periods the flexion torque was generated via
a strap held by the hand. No stimulation was performed
in these two periods.
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Recovery was followed for 23 min. Fourteen sets of
brief (2–3 s) contractions at 15, 50 and 100% MVC were
performed with ∼8 s between contractions. The first four
sets were performed at 35–40 s intervals. Later sets were

recovery0 43 min 60 min

15% MVC

50% MVC

100%MVC

controls sustained contraction

RPE

rest

2 mV

15% MVC

100%MVC

biceps
EMG

43 min sustained contraction

0

20

control 1-13 min 16-28 min 31-43 min

A

B

C

(x6) (x5)

Nm

50 ms

2 Nm

Figure 1. Experimental protocol, and torque and EMG traces
A, experimental protocol. After performing 6 pairs of brief control contractions (100 and 50% maximal voluntary
contractions (MVCs)) followed by a set of 5 brief 15% MVC efforts, subjects maintained a 15% MVC for 43 min.
This sustained effort was interrupted by a brief MVC every 3 min. Sets of 15, 100 and 50% MVCs were performed
during a recovery period. Motor cortex (white arrow), brachial plexus (black arrow) and motor nerve (double ended
arrow) stimuli were delivered during the brief and sustained contractions as indicated in the insets. RPE, rating
of perceived effort. B, raw traces of elbow flexion torque and EMG recorded from biceps brachii in one subject
throughout the sustained 15% MVC. The torque record shows the maintained 15% maximal torque and the
fall in voluntary torque in the brief MVCs. The EMG record shows the progressive increase in EMG required to
maintain the torque. The EMG trace has been truncated during the MVCs and with stimulation. C, raw traces of
elbow flexion torque responses to motor cortical stimulation (superimposed twitch) during brief MVCs in the same
subject as in B. Superimposed twitches were seen during control MVCs and increased in amplitude during MVCs
performed during the sustained low-force effort (5 overlaid traces in each set).

performed at 1-, 2- and then 3-min intervals. Timing
of the contractions is shown in Fig. 1A. During every
second MVC, cortical stimulation was followed by motor
point stimulation. These MVCs were followed by motor
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point stimulation with the muscle at rest. In the alternate
MVCs, cortical stimulation was followed by brachial plexus
stimulation. Cortical stimulation followed by brachial
plexus stimulation was also carried out during each 15
and 50% MVC contraction.

Data analysis

Mean elbow flexion torque was calculated over 200 ms
prior to each cortical stimulus. This gave measures of
performance of the sustained 15% MVC and changes in
maximal voluntary torque. Increments in torque evoked
by each motor cortical stimulus (cortical superimposed
twitch) were also measured. Increments in torque evoked
by motor nerve stimulation were measured during the
brief MVCs (motor nerve superimposed twitch) and in the
relaxed muscle (resting twitch) which was potentiated by
a preceding MVC. For motor nerve stimulation, voluntary
activation was calculated by comparison of the amplitude
of the superimposed twitch to that of the subsequent
resting twitch using the equation:

Voluntary activation (%) =
(1 − superimposed twitch/resting twitch) × 100

(e.g. Gandevia et al. 1996; Herbert & Gandevia, 1999).
In the control and recovery periods, voluntary activation

during MVCs was also calculated by comparison of the
superimposed twitch evoked by cortical stimulation to
an estimated resting twitch using the expression given
above (Todd et al. 2003). The response to stimulation
of the motor cortex during rest is estimated rather than
measured directly because both motor cortical neurones
and motoneurones are less excitable with the muscle at
rest than during voluntary activity (e.g. Ugawa et al. 1995;
Di Lazzaro et al. 1998). The amplitude of the resting twitch
can be estimated by extrapolation of the linear regression
between the amplitude of the cortical superimposed twitch
and voluntary torque for contractions of 50 to 100% MVC.

The y-intercept is taken as the amplitude of the
estimated resting twitch (Todd et al. 2003, 2004). Here,
one regression was performed for each set of brief
contractions (i.e. MVC followed by a 50% MVC) (Todd
et al. 2004). Voluntary activation for the MVC which ended
the sustained 15% contraction was calculated from the
resting twitch estimated from the first set of contractions
in the recovery period.

For each muscle, the area of MEPs and Mmax were
measured between set cursors that encompassed all phases
of the potentials. To account for activity-dependent
changes in the muscle fibre action potentials, the area of
the MEP in each muscle was normalized to the area of
Mmax elicited nearby in time and during a contraction
of similar strength. The duration of the silent period
following cortical stimulation was measured as the time

from the stimulus to the resumption of voluntary EMG.
For each contraction strength, duration of the silent period
is expressed as the difference from that measured during
similar strength control contractions. Root mean square
EMG (rms EMG) was measured during the 15% MVC
sustained voluntary contraction and the test MVCs over
200 ms prior to each cortical stimulus. For each muscle,
rms EMG was expressed as a percentage of the maximal
EMG measured during control MVCs (EMGmax). For
triceps, this represents a measure of a changed antagonist
involvement rather than an actual percentage of this
muscle’s maximal activity. Over the prolonged 15% MVC
contraction, triceps activity doubled from 14.5 ± 4.4%
to 26.5 ± 9.0% of EMG during maximal elbow flexion.
However, measurement of EMG from triceps during a
maximal elbow extension (4 subjects), showed that this
activity was equivalent to a change from < 1% to ∼2% of
maximal triceps EMG.

Statistics

Prior to further analysis, the four time points between
each MVC were averaged for parameters measured during
the sustained 15% MVC. To test for time effects during
the sustained voluntary contraction and the recovery
period a one-way analysis of variance (ANOVA) for
repeated measures approached by general linear modelling
was performed for each parameter. Significance level
was set at P < 0.05 level. If the ANOVA revealed
significant changes a Bonferroni post hoc test comparing
all values to a control was used to identify differences
between baseline and time-specific means. To examine
whether any of the measured parameters correlated with
subjects’ reported perceived effort during the sustained
15% MVC, a step-wise multiple linear regression was
performed. Factors entered into the regression were change
in silent period duration and rms EMG of biceps and
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Subjects rated the effort to maintain the target torque once every
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Figure 3. Voluntary EMG, and torque and EMG responses to
motor cortical stimulation during the sustained 15% maximal
voluntary contraction (MVC) and in brief recovery 15% MVCs
All data are shown as mean ± S.E.M. for the group of 9 subjects. Two
breaks in each data set show periods when subjects pulled with the
hand strap rather than the wrist strap and no stimuli were given. The
end of the sustained 15% MVC is indicated by the vertical broken
lines. A, voluntary EMG recorded from biceps brachii ( �) and
brachioradialis (•). Rms EMG recorded from both elbow flexor muscles
increased throughout the sustained 15% MVC and recovered towards
initial values during brief 15% MVCs performed in the recovery
period. EMG is normalized to the maximum recorded during the brief
control MVCs. B, motor evoked potentials (MEPs) elicited from biceps
brachii ( �), brachioradialis (•) and triceps brachii (�) by stimulation of
the motor cortex. The areas of the MEPs are expressed relative to the
maximal M-wave (Mmax) recorded under the same conditions. In
biceps and brachioradialis, an initial fall in the MEP area (probably due
to potentiation of the muscle by the first brief MVC), was followed by
a gradual increase throughout the 15% MVC. The MEP in triceps

brachioradialis measured during the 15% contraction, as
well as maximal voluntary torque, cortical superimposed
twitch, motor nerve superimposed twitch and voluntary
activation measured during the occasional MVCs, and the
amplitude of the resting twitch. Results are given in the
text as mean ± s.d. Figures show mean ± s.e.m.

Results

Sustained contraction at 15% MVC

All subjects maintained the 15% MVC torque for
43 min. However, ratings of perceived effort increased
progressively from 2.2 ± 0.6 (‘mild’) after the first 2 min
of the prolonged contraction to 7.7 ± 1.9 (‘very large’) in
the last minute (P < 0.001) with the increase reaching
significance after 4 min (Fig. 2). The highest rating of
perceived effort varied between subjects with one reaching
a score of 10 (‘extremely large’), whereas another only
reached 4 (‘considerable’). No correlation was found
between the absolute size of the target torque for each
subject and the increase in subjective effort.

The increase in perceived effort during the 15%
MVC contraction was accompanied by a steady increase
in voluntary EMG from 6.9 ± 2.1 and 9.2 ± 5.4% to
20.0 ± 7.8 and 23.9 ± 8.4% of EMGmax for the biceps and
the brachioradialis muscles, respectively (P < 0.001 for
both muscles; see Figs 1B and 3A). This is consistent with
a decline in peripheral force-generating capacity and an
increased drive to the active motoneurone pools.

The increased voluntary drive was also reflected in a
concurrent increase in the MEP area (expressed relative
to Mmax; Fig. 3B) in biceps (58 ± 13 to 81 ± 26%;
P < 0.001) although the change in brachioradialis was
not significant (66 ± 12 to 76 ± 26%). The superimposed
twitch produced by the MEP also increased significantly
(P < 0.001). It almost doubled in amplitude in the first
20 min with no further increase (Fig. 3C).

The occasional MVCs performed during the prolonged
contraction had a minor effect on the size of Mmax and
the MEP in both biceps and brachioradialis. Early in
the sustained contraction, transient increases in Mmax

occurred consistently after each brief MVC. The increase
probably reflects potentiation of action potentials in
muscle fibres recruited by the MVC but not engaged in
the weak contraction. The MEPs showed the opposite
tendency with a slight decrease after each MVC. This

remained small throughout the experiment. C, torque response to
motor cortical stimulation (superimposed twitch). The superimposed
twitch increased during the sustained effort. D, change in the duration
of the silent period following motor cortical stimulation in biceps
brachii ( �) and brachioradialis (•). The difference in the duration of
the silent period from the mean measured during brief control
contractions is shown. The silent period lengthened during the
sustained contraction and recovered quickly.
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is consistent with the potentiation of muscle fibre force
leading to a small drop in motor unit recruitment and
motor cortex and/or spinal motoneurone excitability.

There was evidence for increased cortical inhibition
during the submaximal contraction as the duration of the
silent period increased (Fig. 3D). After 43 min, the silent
period had increased by 18 ± 33 ms from 137 ± 31 ms in
biceps (P < 0.05) and by 19 ± 32 ms from 147 ± 31 ms
in brachioradialis (P < 0.05). Despite large individual
variation the increase was seen for 7 of 9 subjects,
including those with an initial silent period longer than
100 ms.

Brief maximal contractions performed during
the sustained contraction at 15% MVC

By the end of the sustained submaximal contraction,
torque in the brief MVCs decreased to 58.2 ± 13.2% of the
control MVCs (P < 0.001) and the resting twitch evoked
by motor nerve stimulation declined to 58.6 ± 14.5% of
the control value (P < 0.001; see Fig. 4A). There were
also indications of a central component to the fatigue.
The changes in MVC were accompanied by a decrease in
voluntary EMG (Fig. 4B). In biceps, rms EMG in the MVCs
decreased from 82.2 ± 5.0% of EMGmax in the control
contractions to 62.2 ± 15.3% at the end of the sustained
effort (P < 0.001). Similarly, brachioradialis rms EMG
decreased from 85.8 ± 6.8% to 69.0 ± 23.5% of EMGmax

(P = 0.047). This decrease was present although there was
no change in Mmax.

The declines in voluntary torque and EMG in the
brief MVCs were accompanied by increases in the super-
imposed twitches evoked by motor nerve stimuli and
motor cortical stimuli (Figs 5A and B, and Fig. 1C).
The superimposed twitch from motor nerve stimulation
increased from 0.4 ± 0.5% MVC in the control MVCs
to 2.3 ± 2.9% in the final MVC (P = 0.017) during the
sustained submaximal contraction. The superimposed
twitch evoked by motor cortical stimulation increased
from 1.2 ± 1.5 to 3.6 ± 2.4% MVC (P < 0.001). When
voluntary activation was calculated from the responses
to motor nerve stimulation, it dropped from 98.0 ± 5.1%
in the control MVCs to 71.9 ± 38.9% in the MVC at the
end of the prolonged contraction (Fig. 5A). For the group
of subjects, the decline in voluntary activation was not
related to the absolute level of target torque. Voluntary
activation evaluated with cortical stimulation also declined
during the sustained submaximal contraction (Fig. 5B).
It decreased from 97.5 ± 2.5% in the control MVCs to
76.9 ± 18.3% in the final MVC in the sustained contraction
(P < 0.001). This suggests that maintenance of a 15%
MVC contraction progressively impaired subjects’ ability
to produce optimal output from the motor cortex during
brief maximal voluntary efforts.

During the control MVCs the duration of the silent
period following cortical stimulation was 115 ± 43 ms in

biceps and 114 ± 41 ms in brachioradialis. It lengthened
gradually (by 41 ± 57 ms in biceps, 39 ± 47 ms in
brachioradialis; P < 0.001) from the first to the last brief
MVC performed occasionally during the submaximal
contraction (Fig. 6B). The lengthening of the silent period
was similar to that observed during the prolonged 15%
MVC contraction (compare Figs 3D and 6B).

MEPs (expressed relative to Mmax) in biceps and
brachioradialis did not change in the brief MVCs during
the 43-min contraction (Fig. 6A). For triceps, the MEP
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during brief MVCs (large filled circles), 15% MVC target torque (small
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torque and target torque are expressed relative to the maximal torque
recorded during brief control MVCs. While subjects held the target
torque for 43 min as planned, the torque produced during occasional
brief MVCs declined. It returned to about 85% of control values
during the recovery period. The twitch was evoked in the resting
muscle by paired stimulation over biceps and was always potentiated
by a preceding MVC. The amplitude of the twitch (expressed relative
to the mean control amplitude) decreased during the sustained
contraction and showed minimal recovery over 20 min. B, voluntary
EMG recorded from biceps brachii ( �) and brachioradialis (•). Rms
EMG is expressed relative to the maximum recorded during brief
control MVCs. EMG during MVCs declined in both elbow flexors over
the course of the sustained low-force effort and recovered towards
initial values after the end of the fatiguing contraction.
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became larger. Although its size remained less than 30%
of Mmax on average, the increment in elbow flexion torque
evoked by the cortical stimulation may have been under-
estimated due to an antagonist extension twitch and
consequently, voluntary activation may be overestimated.

Recovery after the sustained contraction at 15% MVC

During the recovery period, maximal voluntary torque
recovered rapidly during the first 10 min but thereafter
improved little. Thus, after 25 min, the MVC was still
significantly decreased (86.4 ± 8.7% of control value,
P = 0.043; Fig. 4A). In contrast, the resting twitch
showed minimal recovery. Its amplitude did not increase
significantly from that in the last minute of the sustained
contraction. Therefore, as judged from the resting twitch,
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Figure 5. Voluntary activation and the superimposed twitches
evoked by motor nerve and motor cortex stimulation during
brief maximal voluntary contractions (MVCs)
All data are shown as mean ± S.E.M. (n = 9). The vertical broken lines
indicate the end of the sustained contraction. A, motor nerve
stimulation. The increments in torque (superimposed twitch, �) evoked
by paired motor nerve stimulation during brief control MVCs, MVCs
during the sustained contraction and in the recovery period are shown
(left axis). Voluntary activation (�, right axis) was calculated by
comparing the superimposed twitch to the twitch in the resting
muscle. B, motor cortex stimulation. The increments in torque
(superimposed twitch, �) evoked by motor cortex stimulation during
MVCs are shown (left axis). For the control and recovery period,
voluntary activation (�, right axis) was calculated by comparing the
superimposed twitch to an estimated resting twitch (see Methods).

peripheral fatigue continued over the 25 min of rest
(Fig. 4A). This suggests that the partial recovery of the
MVC reflects recovery from central fatigue. The time
course of the recovery of the voluntary activation supports
this interpretation. Voluntary activation measured by
motor nerve or motor cortex stimulation showed a
steep increase during the initial few minutes after the
end of the sustained contraction (Fig. 5A and B). The
reduction in rms EMG in the elbow flexors during the
brief MVCs returned towards control levels in ∼10 min
(Fig. 4B).

At the end of the sustained 15% MVC, rms EMG was
high. In the recovery period, it dropped during the brief
15% MVCs (made to the target torque) and was close
to control values after ∼8 min. This is consistent with
the continued recruitment of additional motor units to
compensate for continuing peripheral fatigue. The MEP
in biceps followed a similar time course of recovery. In
contrast to the slower recovery of other parameters, the
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Figure 6. EMG responses to motor cortical stimulation during
brief maximal voluntary contractions (MVCs)
All data are shown as mean ± S.E.M. (n = 9). The vertical broken lines
indicate the end of the sustained contraction. A, motor evoked
potentials (MEPs) in biceps brachii ( �), brachioradialis (•) and triceps
brachii (�). The areas of the MEPs are expressed relative to the
maximal M-waves (Mmax) recorded in the same conditions and at close
to the same time. B, change in the duration of the silent period in
biceps brachii ( �) and brachioradialis (•) following motor cortical
stimulation. The difference in duration of the silent period from the
mean during brief control MVCs is shown. Silent periods in both
elbow flexors lengthen through the sustained low-force contraction
and recover quickly.
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silent period recovered almost immediately on cessation
of the sustained contraction. In biceps and brachioradialis,
the duration of the silent period during both the 15% MVC
and the maximal efforts returned to control values with the
first brief 15% MVC and first MVC in the recovery period
(Figs 3B and D, and Fig. 6).

Discussion

Both peripheral and central fatigue increased progressively
during a sustained voluntary contraction of 15% maximal
torque with the elbow flexor muscles. The sustained
low-force contraction reduced the maximal voluntary
torque. As expected, part of this was peripheral as the
resting twitch decreased by ∼40%. However, central
fatigue also developed throughout the 43-min submaximal
contraction. An increase in the superimposed twitch
evoked during brief MVCs by motor nerve stimulation
indicated that voluntary drive to the muscle decreased.
Furthermore, an increase in the superimposed twitch
evoked by motor cortical stimulation indicated that
a component of this decrease occurred because of
suboptimal output from the motor cortex. While central
and peripheral fatigue developed together during the
sustained contraction, recovery from central fatigue was
much faster than recovery in the periphery. The discussion
focuses on three main areas: first, the development of
peripheral fatigue during the prolonged contraction;
second, the development of central fatigue and the
changes in cortically evoked EMG responses; and third,
the dissociation of central and peripheral changes during
recovery.

Fatigue produced by the sustained 15% voluntary effort
was revealed by a decrease in the torque produced by
occasional brief MVCs. While the initial fall of ∼8%
between the control efforts and the first MVC (after 30 s of
sustained contraction) may be a consequence of starting
the MVC from contraction at 15% MVC, the incremental
decreases in the remainder of the low-force contraction
indicate the progressive development of fatigue. The
amplitude of the twitch evoked by paired stimulation of the
resting muscle also decreased progressively. The decrease
in twitch amplitude with little change in the Mmax indicates
impairment of processes within the muscle fibres. As the
decrease in the resting twitch was of a similar extent to
torque during the MVC, it might suggest that most of the
loss of voluntary torque was due to fatigue of the muscle.
However, muscle fatigue from low work loads (either inter-
mittent contractions or sustained weak contractions) is
largely attributed to decreased calcium release (Westerblad
et al. 1998; Allen et al. 2002; Lamb, 2002) and impairs force
production more with activation of muscle fibres at low
frequencies (e.g. Edwards et al. 1977; Bigland-Ritchie et al.
1986b; Blangsted et al. 2005). Thus, if peripheral fatigue

were the sole cause of impairment of force production then
twitch torque should be reduced more than the MVC in
which muscle fibres are activated repetitively.

Voluntary EMG increased during the sustained
low-force contraction. Thus, to maintain the target, either
the firing frequencies of motor units were increased
or additional motor units were recruited by increased
descending drive (Bigland-Ritchie et al. 1986b; Dorfman
et al. 1990; Krogh-Lund, 1993; Kuchinad et al. 2004; Adam
& De Luca, 2005). This implies that the motor units
engaged in the l5% contraction fatigued and produced
less force. This supports the idea that the fatigue resulted
from the sustained low-force effort and not from the MVCs
(performed every 3 min) which would be expected to
affect the high-threshold fast-fatigable units. The gradual
increase in the MEP elicited during the 15% effort
is consistent with increasing voluntary drive (see also
Sacco et al. 1997). Increased voluntary activity results in
increased motoneuronal and cortical excitability and, in
the elbow flexor muscles, leads to increased MEPs for
contractions less than ∼50% MVC (Ugawa et al. 1995;
Di Lazzaro et al. 1998; Taylor et al. 2002; Todd et al. 2003).

The present results show that central fatigue develops
progressively throughout a prolonged low-force isometric
contraction and are consistent with previous studies
which have demonstrated central fatigue during and at
the limit of endurance of sustained submaximal efforts
(Löscher et al. 1996; Sacco et al. 1997; Zijdewind et al.
1998). During the low-force contraction, subjects became
less able to activate the muscle maximally in occasional
MVCs. Both motor nerve and motor cortical stimulation
evoked increasing increments in torque despite maximal
efforts. An increase in the superimposed twitch elicited
by motor nerve stimulation indicates that some motor
units are no longer firing fast enough to produce fused
force from their muscle fibres but gives no clue as to
the mechanism of this impairment. Possible mechanisms
include inhibition or disfacilitation of the motoneurone
pool through altered afferent or descending input (see
Gandevia, 2001 for review). However, the increase in the
superimposed twitch elicited by motor cortical stimulation
indicates that voluntary output from the motor cortex
has become suboptimal. Some motor cortical output is
untapped by the maximal effort and this can evoke extra
force from the muscle. Thus, some of the impairment
in motor unit discharge can be ascribed to supraspinal
mechanisms (Gandevia et al. 1996; Taylor et al. 2000;
Todd et al. 2003). Supraspinal fatigue has also been
described during sustained and intermittent isometric
maximal contractions, as well as during concentric and
eccentric MVCs (Gandevia et al. 1996; Taylor et al.
2000; Löscher & Nordlund, 2002; Todd et al. 2003,
2005).

Voluntary activation was calculated from the responses
to motor nerve stimulation by comparing the super-
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imposed twitch to the twitch of the whole muscle at
rest. It fell by ∼25% over the course of the sustained
contraction although there was variation between subjects.
For motor cortical stimulation, the changes in cortical and
spinal excitability related to voluntary contraction make
a twitch evoked from the resting muscle inappropriate
for comparison. However, an estimated resting twitch
calculated by linear regression of superimposed twitches
against voluntary torque for contractions of greater
than 50% MVC can be used (Todd et al. 2003, 2004).
This method was used before and after the sustained
low-force contraction and showed a fall in activation of
∼20%. Quantitative comparison of voluntary activation
measured with stimulation at the two sites in the motor
pathway is problematic. Activation measured with motor
cortex stimulation has a direct relationship with voluntary
force, but that measured with motor nerve stimulation is
curvilinear (Todd et al. 2003). Furthermore, because of
low-frequency fatigue, the resting twitch to motor nerve
stimulation probably overestimates the effect of peripheral
fatigue on maximal voluntary torque (e.g. Blangsted et al.
2005). Thus, although there is a supraspinal component
to the central fatigue its magnitude is not clear. As the
relationship between activation measured with motor
cortical stimulation and voluntary force remains linear
with fatigue, it is possible to estimate how much of the
total torque loss is due to supraspinal mechanisms. If
activation had remained at 97.5%, maximal voluntary
torque at the end of the sustained contraction would
have fallen to 74% of maximum. The further fall to
58% MVC means that about 40% of the total loss of
torque could be due to supraspinal fatigue. Indeed, this
figure may underestimate supraspinal fatigue. MEPs in the
triceps brachii grew during the fatiguing protocol, so it is
likely that the evoked extensor torque acted to decrease
the measured flexor superimposed twitch more with
fatigue.

The silent period elicited by cortical stimulation during
the brief MVCs increased in duration during the sustained
low-force contraction although the MEP did not change.
The lengthening of the silent period is similar to changes
seen during fatigue produced by sustained or intermittent
maximal contractions (Taylor et al. 1996, 2000). However,
the immediate recovery of the silent period on cessation
of the low-force contraction indicates that its lengthening
is due to the sustained effort and not the brief MVCs.
The silent period initially reflects events at a spinal level
but this recovers by 100 ms after stimulation (Fuhr et al.
1991; Inghilleri et al. 1993). The latter part of the silent
period results from inhibition of voluntary cortical output
(Di Lazzaro et al. 2002). For five of the subjects in
the current study, silent periods were initially longer
than 100 ms so that their duration reflects intracortical
inhibition. As the silent periods lengthened for all subjects,
the increase in duration probably represents extra

inhibition within the motor cortex. The silent period
elicited during the 15% MVC effort also lengthened
progressively although by a small amount. Previous
studies have shown variable changes in the silent period
during sustained submaximal contractions (Ljubisavljevic
et al. 1996; Taylor et al. 1996; Sacco et al. 1997).
Instructions to the subject can alter the silent period and
may account for some of the variation (Mathis et al.
1998).

While peripheral and central fatigue developed together
during the long low-force contraction, they recovered
differently. The silent period recovered during the first
MVC ∼30 s after the sustained contraction (see also Taylor
et al. 1996, 2000). The silent period in a 15% contraction
had also recovered. Voluntary activation measured with
both methods started to recover immediately but took
several minutes to recover completely. This is slower than
the 1–2 min seen after shorter, more intense exercise
(Bigland-Ritchie et al. 1986b; Taylor et al. 1996, 2000).
The slower recovery of voluntary activation than the silent
period provides further evidence that cortical changes
represented by the increased silent period are not directly
linked to central fatigue (Gandevia et al. 1996; Taylor
et al. 2000). Peripheral fatigue was long-lasting, with
minimal change of the twitch evoked by paired stimulation
of the resting muscle over the 20-min recovery period,
whereas maximal voluntary torque recovered to about
85% of its initial value over 10 min with little further
improvement. The lack of recovery of the twitch is
consistent with the prolonged low-frequency fatigue that
has been demonstrated even after relatively short (10 min)
low-force contractions and has been attributed to impaired
excitation–contraction coupling (Blangsted et al. 2005).
There are two alternative explanations for the recovery
of maximal voluntary torque. First, an intramuscular
process which impairs the force produced by repetitive
activation has recovered whereas the response to paired
stimulation has not. However, the continued depression
of both a twitch and the response to 20 Hz stimulation
with low-frequency fatigue argues against this (Blangsted
et al. 2005). Alternatively, the recovery of the MVC can
be attributed to the recovery of voluntary activation while
the remaining decrement in torque represents continued
peripheral fatigue.

It is intriguing that the ability to drive a muscle
maximally is impaired by a sustained low-force effort.
The motor units that are not driven optimally in an
MVC are likely to be the high-threshold ones, not
the low-threshold ones that are active in the fatiguing
15% MVC. Even at the end of the contraction, the
required contraction represented only 25% of the final
MVC. It is also unlikely that cortical activity will be
sustained at the same level during a weak contraction
as during a strong one. One possible explanation for the
development of central fatigue is the action of group III

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society



J Physiol 573.2 Supraspinal fatigue during submaximal contractions 521

and IV muscle afferents at a supraspinal level. When
muscles are held ischaemic at the end of a fatiguing
maximal contraction to maintain the firing of group III
and IV muscle afferents, voluntary activation measured
with motor nerve or motor cortical stimulation remains
impaired although EMG responses to motor cortical
stimulation return to normal (Bigland-Ritchie et al. 1986b;
Gandevia et al. 1996). Furthermore, experimental muscle
pain can reduce cortical excitability (Le Pera et al. 2001).
As all subjects in the present study reported pain in
the elbow flexor muscles during the sustained low-force
contraction, it is likely that small-diameter muscle
afferents, which are sensitive to the metabolic products of
fatigue, were activated, and may have influenced voluntary
activation.

The effect of central fatigue measured during brief
MVCs on the performance of the sustained low-force
contraction is uncertain. One measure that suggests that it
is important is the subjects’ perceived effort. On average,
this increased from ‘mild’ (score of 2 out of 10) to
‘very large’ (8 out of 10) while the contraction increased
from 15% to 25% of the current maximum torque.
Rms EMG increased threefold but remained ∼20% of
the initial maximum or ∼30% of that during the final
MVC. Thus, perceived effort at the end of the low-force
contraction is disproportionately high. Many variables
changed progressively during the low-force contraction
and are correlated with perceived effort and with each
other. However, step-wise multiple linear regression
indicates that the perceived effort is best predicted by
a combination of the rms EMG measured in biceps
during the 15% contraction and expressed relative to the
initial maximum, the decrease in amplitude of the resting
twitch, and failure of voluntary activation measured with
motor nerve stimulation (r = 0.8). Each of these variables
contributes significantly to the correlation (P < 0.001).
Thus, along with peripheral factors, central fatigue appears
to contribute to the perceived effort of producing a
submaximal isometric torque. A second measure which
suggests an influence of central fatigue on the generation of
the low-force contraction is the rms EMG. After increasing
throughout the low-force contraction, the rms EMG
decreases with the cessation of the sustained contraction.
As twitch torque recovers minimally, the recovery of EMG
is unlikely to be because of improved contractile force
of the muscle fibres. One possibility is that motor unit
firing rates are limited during the sustained contraction so
that the forces produced by the low-threshold units are
submaximal, and it is the recovery of firing rates that
generates more force from these units and results in
fewer units overall being active. Decreased firing rates
in low-threshold units have been observed previously in
sustained submaximal efforts (Garland et al. 1997; Jensen
et al. 2000) and specific changes in the continuously active

motor units might be explained by an effect of repetitive
activation such as late adaptation of the motoneurones
(e.g. Kernell & Monster, 1982).

In summary, a sustained low-force contraction produces
progressive peripheral and central fatigue, and some of the
central fatigue is due to suboptimal drive from the motor
cortex. Although caused by a low-force contraction, both
the peripheral and central fatigue impair the production
of maximal voluntary force. The fatigue is accompanied by
some of the changes in the motor cortex which occur with
fatigue caused by maximal efforts. Although central fatigue
can only be demonstrated formally during maximal efforts
our results suggest that the neural processes involved
in its generation also occur during submaximal exercise
and are likely to contribute to the marked increase in
effort.
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